The self-assembled heterocapsule 1⅐2, which is formed by the hydrogen bonds of tetra(4-pyridyl)-cavitand 1 and tetrakis(4-hydroxyphenyl)-cavitand 2, encapsulates 1 molecule of guests such as 1,4-diacetoxybenzene 3a, 1,4-diacetoxy-2,5-dimethylbenzene 3b, 1,4-diacetoxy-2,5-dialkoxybenzenes (3c, OCH 3; 3d, OC2H5; 3e, OC3H7; 3f, OC 4H9; 3g, OC5H11; 3h, OC6H13; 3i, OC8H17), 1,4-diacetoxy-2,5-difluorobenzene 4a, and 1,4-diacetoxy-2,3-difluorobenzene 4b. The X-ray crystallographic analysis of 3c@(1⅐2) showed that the acetoxy groups at the 1,4-positions of 3c are oriented toward the 2 aromatic cavity ends of 1⅐2 and that 3c can rotate along the long axis of 1⅐2. Thus, the 1⅐2 (stator) with the encapsulation guest (rotator) behaves as a supramolecular gyroscope. A variable temperature (VT) 1 H NMR study in CDCl 3 showed that 3a, 3b, 4a, and 4b within 1⅐2 rotate rapidly even at 218 K, whereas guest rotation is almost inhibited for 3h and 3i even at 323 K. In this respect, 4b with a large dipole moment is a good candidate for the rotator of 1⅐2. For 3c-3g, the enthalpic (⌬H ‡ ) and entropic (⌬S ‡ ) contributions to the free energy of activation (⌬G ‡ ) for the guest-rotational steric barriers within 1⅐2 were obtained from Eyring plots based on line-shape analysis of the VT 1 H NMR spectra. The value of ⌬G ‡ increased in the order 3c < 3d < 3e < 3f < 3g. Thus, the elongation of the alkoxy chains at the 2,5-positions of 3 puts the brakes on guest rotation within 1⅐2.
M
olecular motors with a rotor function have attracted considerable attention in the field of mechanical molecular devices (1, 2) . One of the important topics is that of molecular gyroscopes (1, 3) , which consist of a rotator with a spinning axis and a stator framework, wherein a rotator is encased and protected by a stator with a frictionless environment. It is expected that rotators with electric dipole moments can rotate unidirectionally in alternating applied electric fields (1, 4, 5) . On the basis of this concept, molecular gyroscopes have so far been synthesized by using several types of covalent-bonded strategies (3, (6) (7) (8) (9) (10) (11) and by a metal-coordination strategy such as a metal-centered gyroscope (12, 13) and a self-assembled solid system (14) . As an alternative strategy, a self-assembled molecular capsule with an encapsulated guest could behave as a supramolecular gyroscope in which an encapsulated guest is a rotator, and a self-assembled capsule is a stator (15) . Molecular self-assembly based on noncovalent interactions offers great advantages in minimization of synthetic effort by use of modular subunits and through thermodynamic equilibration (16) . Recently, we have reported the self-assembly of tetra(4-pyridyl)-cavitand 1a and tetrakis(4-hydroxyphenyl)-cavitand 2a (R ϭ (CH 2 ) 6 CH 3 ) into a heterocapsule 1a⅐2a in a rim-to-rim fashion via 4 pyridyl⅐⅐⅐phenol hydrogen bonds, wherein 1 molecule of 1,4-diacetoxybenzene 3a (Y ϭ H) is encapsulated to form a ternary complex 3a@(1a⅐2a), and the exchange of 3a in and out of 1a⅐2a in solution is slow on the NMR time scale (Fig. 1A) (17) . It is noted that the acetoxy groups of encapsulated 3a are oriented toward the 2 aromatic cavity ends of 1a⅐2a, and the guest does not tumble within 1a⅐2a.
The merits of using the self-assembled cavitand-based heterocapsule 1⅐2 for a molecular gyroscope are as follows. (i) The bowl-shaped cavitand units 1 and 2 serve as an axle bearing. (ii) Various guests can be used as a rotator and easily replaced by other guests because of the noncovalent self-assembly system. (iii) 1⅐2 itself has a large dipole moment. (iv) Orientation of unsymmetrical guests encapsulated in 1⅐2 is controllable because 1 and 2 have significantly different electronic environments (17) . (v) Preparation of a self-assembled monolayer of 1⅐2 with unidirectional orientation on a gold surface could be feasible because different side chains R of alkylthioether and alkyl groups can be attached independently to 1 and 2 (18) . Herein, we report the encapsulation of 1,4-diacetoxy-2,5-dialkoxybenzenes 3c-3i in the heterocapsule 1⅐2 and their rotation behavior with steric barrier effect along the Author contributions: H.K. and K.K. designed research; H.K. and K.Y. performed research; H.K., Y.K., M.Y., and K.K. analyzed data; and K.K. wrote the paper.
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This article contains supporting information online at www.pnas.org/cgi/content/full/ 0812660106/DCSupplemental. long axis of 1⅐2 (Fig. 1) . We also describe the rotation behavior of 1,4-diacetoxy-2,5-or 2,3-difluorobenzenes 4a,b as rotators with large dipole moments encapsulated in 1⅐2 as a stator, which is directed toward formation of a supramolecular gyroscope.
Results and Discussion X-Ray Crystal Structure of 3c@(1b⅐2b). Single crystals of 3c-encapsulating heterocapsule, 3c@(1b⅐2b), suitable for X-ray diffraction analysis were obtained by slow diffusion of benzene into a CHCl 3 solution of a 1:1:2 mixture of tetra(4-pyridyl)-cavitand 1b, tetrakis(4-hydroxyphenyl)-cavitand 2b (side chain: R ϭ CH 2 CH(CH 3 ) 2 ) (17, 19) , and 1,4-diacetoxy-2,5-dimethoxybenzene 3c. The single-crystal X-ray diffraction measurement was performed at 100 K [supporting information (SI) Text and Table S1 ]. As shown in Fig. 2 , the cavitands 1b and 2b selfassemble into the heterocapsule 1b⅐2b in a rim-to-rim fashion via 4 pyridyl⅐⅐⅐phenol hydrogen bonds with N⅐⅐⅐O distances of 2.637-2.779 Å. The interatomic distances between the inwardly directed ␤-protons of 2 opposite p-pyridyl groups of the 1b unit and between those of 2 opposite p-phenol groups of the 2b unit are 6.384 and 6.771 Å, respectively, at the minimum. Thus, the inner space of the 1b unit is somewhat narrower than that of the 2b unit.
The acetoxy groups at the 1,4-positions of the encapsulated 3c are oriented toward the 2 aromatic cavity ends of 1b⅐2b, and the methoxy groups at the 2,5-positions are directed to the equatorial portals of 1b⅐2b. The methoxy groups were observed at 2 positions, A and B, with occupancy factors of 0.73 and 0.27, respectively. This guest orientation results from the favorable CH-interaction of the acetoxy group with the electron-rich aromatic cavity of 1b⅐2b (16, 17, 20) . The close C(ϭO)CH 3 ⅐⅐⅐C contact distances are 3.01 and 3.06 Å for the 1b unit and 2.83 and 2.88 Å for the 2b unit. In this respect, this CH-interaction could be slightly more favorable in the phenol-cavitand 2b than in the pyridyl-cavitand 1b. The carbonyl oxygen atoms of the acetoxy groups interact with inner protons (H d and H j ) of the methylene-bridge rims (OOCH in H out OO) of the 1b and 2b units. The CAO⅐⅐⅐H in C distance is 2.34 Å for H d of the 1b unit and 2.35 Å for H j of the 2b unit. There are also weak CAO⅐⅐⅐HC interactions of the carbonyl oxygen atoms with the p-pyridyl ␤-proton of the 1b unit (2.40 Å) and with the p-phenol ␤-proton of the 2b unit (2.55 Å). There are no contacts between the oxygen atoms of the methoxy groups of 3c and H d of 1b (3.18 Å) or H j of 2b (3.17 Å).
Thus, the 3c within 1b⅐2b can rotate with the long axis of the guest along the long axis of 1b⅐2b, namely, the self-assembled heterocapsule 1b⅐2b (stator) with the encapsulation guest (rotator) behaves as a supramolecular gyroscope. The bowl-shaped aromatic cavities of the 1b and 2b units serve as an axle bearing for the acetoxy groups of guest.
H NMR Study: Association of 1a⅐2a with Guest and Guest Orientation.
In the 1 H NMR study, 1a and 2a with side chains R ϭ (CH 2 ) 6 CH 3 were used. Because the electronic environment of 1a is different from that of 2a, guests 3 and 4 shown in Fig. 1B are desymmetrized by the encapsulation in 1a⅐2a, and the 1 H NMR signals of the encapsulated guest in CDCl 3 appear as 2 sets of signals for the acetoxy protons, the alkoxy protons, and the aromatic protons (for example, see Fig. 3A for 3c) . In addition, the 1 H NMR signals of guest@(1a⅐2a) and free guest are independently observed when 1a⅐2a and 2 equivalents of guest are mixed, because the exchange of guest in and out of 1a⅐2a in CDCl 3 is slow on the NMR time scale (for example, see Fig. 3C for 3d) . Thus, based on the 1 H NMR integration changes of signals of guest@(1a⅐2a) as a function of the concentration of the guest, the association constant (K a ) of 1a⅐2a with the encapsulation guest in CDCl 3 at 296 K can be estimated. When K a is very large, comparison of the signal integrations between guest@(1a⅐2a) and standard-guest@(1a⅐2a) can be used to evaluate the guestbinding ability of 1a⅐2a. The K a of 1a⅐2a with guests and the 1 H NMR chemical shift changes of the encapsulated guests relative to free guests (⌬␦ ϭ ␦ encapsulated-guest Ϫ ␦ free-guest ) in CDCl 3 at 296 K are summarized in Table 1 . In all cases except for 1,4-diacetoxy-2,5-dimethylbenzene 3b, complete encapsulation of guests into 1a⅐2a was achieved under the conditions of [1a⅐2a] ϭ 5 mM and [guest] ϭ 5-10 mM (Figs. S1 and S2).
In all of the encapsulated guests, the signals of the 1,4-acetoxy protons (⌬␦ C(ϭO)CH3 ϭ Ϫ3.41 to Ϫ3.53 ppm) were shifted more upfield than those of the terminal methyl protons of the 2,5-alkoxy groups (⌬␦ Y-terminal-CH3 ϭ Ϸ0 to Ϫ0.85 ppm). For 4b, ⌬␦ Ar-H of the aromatic protons were Ϫ0.47 and Ϫ0.19 ppm. These results clearly show that, for all encapsulated guests, the acetoxy groups at the 1,4-positions are oriented toward both aromatic cavity ends of 1a⅐2a and the alkoxy groups at the 2,5-positions for 3b-i and fluoro groups at the 2,5-or 2,3-positions for 4a,b are directed to the equatorial portals of 1a⅐2a ( Fig. 1) . This guest orientation in solution is consistent with that shown in the X-ray crystallographic analysis of 3c@(1b⅐2b).
⌬␦ Y-terminal-CH3 of the encapsulated guests showed maximum values for 3d among 3d-i (Table 1 ). This result indicates that the 2,5-ethoxy groups are most affected by the shielding effect of the pyridyl and phenol groups of 1a⅐2a. The value of ⌬␦ Y-terminal-CH3 increased in the order 3i (OC 8 H 17 ) Ͻ 3h (OC 6 H 13 ) Ͻ 3g (OC 5 H 11 ) Ͻ 3f (OC 4 H 9 ) Ͻ 3e (OC 3 H 7 ) Ͻ 3d (OC 2 H 5 ). In other words, the steric hindrance of the 2,5-alkoxy groups of the encapsulated 3 with respect to the pyridyl and phenol groups of 1a⅐2a increases in the opposite order.
Guest Rotation Within 1a⅐2a. Fig. 3 shows the 1 H NMR spectra of 3@(1a⅐2a) (3c: Y ϭ OCH 3 , 3d: Y ϭ OC 2 H 5 , and 3i: Y ϭ OC 8 H 17 ) in CDCl 3 at various temperatures, which give significant information on the encapsulated-guest rotation along the long axis of 1a⅐2a, namely, of the rotational steric barrier effect for guests encapsulated in 1a⅐2a. The assignments of the 1 H NMR signals were confirmed by the 2D NOESY spectra (Figs. S3-S5).
In the 1 H NMR spectrum of 3c@(1a⅐2a) at 293 K (Fig. 3A) , the inner protons H d and H j of the methylene-bridge rims of the 1a and 2a units (Figs. 1 and 4 ) appeared as respective 1 sharp doublet signal, whereas those signals are extremely broadened and nearly coalesced at 223 K (Fig. 3B) . In marked contrast, the 1 H NMR signals of H d and H j of 3d@(1a⅐2a) were somewhat broadened at 323 K (Fig. 3C) , nearly coalesced at 273 K (Fig. 3D ) and split into 3 sets of doublet signals in a 1:1:2 integration ratio at 223 K (Fig. 3E) , respectively. On the other hand, for 3i@(1a⅐2a), the respective 3 sets of doublet signals in a 1:1:2 integration ratio for H d and H j remained unchanged even at 298 K (Fig. 3F ) and 323 K (Fig. S2) . Fig. 4 depicts the 4-site model for the encapsulated-guest rotation along the long axis of 1⅐2, wherein the 1b unit with half-3c and the 2b unit with half-3c are shown in Fig. 4 A and B Guest-Rotational Steric Barriers within 1a⅐2a. As a typical example, Fig. 5 shows variable temperature (VT) 1 H NMR spectra of 3d@(1a⅐2a) in CDCl 3 and their line-shape simulation using the 4-site model of Fig. 4 (SI Text), by which the exchange rate constants (k) were determined ( Fig. S6) (8, 21) . Based on these data, the enthalpic (⌬H ‡ ) and entropic (⌬S ‡ ) contributions to the free energy of activation (⌬G ‡ ), and Arrhenius activation energies (E a ) for the guest-rotational steric barriers within 1a⅐2a were obtained by Eyring and Arrhenius plots, respectively (Fig. S7) . The results obtained in 3@(1a⅐2a) and 4@(1a⅐2a) are summarized in Table 2 . Comparison between the exchange rate constant for guest rotation (k) within 1a⅐2a and that for guest release (k Ϫ1 ) from guest@(1a⅐2a) is important in supramolecular system (15, 22) , because guest rotation might proceed through dissociation of guest from guest@(1a⅐2a) and reencapsulation of guest into 1a⅐2a. For 3c-3e and 3i, the k Ϫ1 values obtained by the 2D EXSY experiments were in the range 0.028-0.085 s Ϫ1 (Table 3 , SI Text, and Fig. S8) (23, 24) . Thus, guest dissociation from guest@(1a⅐2a) occurs at rates that are apparently 6 to 3 orders of magnitude slower than guest rotation within 1a⅐2a. This result indicates that the guest rotation essentially occurs under the conditions of encapsulation within 1a⅐2a.
In Table 2 , the following features (items 1-4) are noteworthy concerning the encapsulated-guest rotation along the long axis of 1a⅐2a.
, and 4b (Y ϭ F at the 2,3-positions), guest rotation within 1a⅐2a was too fast on the NMR time scale even at 218 K so that activation parameters for guest rotation could not be determined (Figs. S1 and S2). The 1 H NMR spectra of 4a@(1a⅐2a) and 4b@(1a⅐2a) in CDCl 3 at 293 K and 218 K showed that the signals of H d and H j as molecular probes remain almost unchanged at both temperatures (Fig. S2) . A molecular model of 4b@(1a⅐2a), calculated with Spartan '06 at the PM3 level (25) , indicates that the fluorine atoms of 4b do not interfere with the guest rotation within 1a⅐2a with respect to the steric factor (Fig. 6) . In this respect, 4b with large dipole moment is a good candidate for the rotator of 1a⅐2a. Item 2. For 3h (Y ϭ OC 6 H 13 ) and 3i (Y ϭ OC 8 H 17 ), guest rotation within 1a⅐2a was almost inhibited or too slow on the NMR time scale even at 323 K (Fig. S2) , because of the extremely large steric hindrance of the substituent-Y with the pyridyl and phenol moieties of 1a⅐2a. This result indicates that the pyridyl⅐⅐⅐phenol hydrogen bond assembling 1a and 2a in guest@(1a⅐2a) does not break on the NMR time scale. Item 3. For 3c-3g, the ⌬H ‡ and E a of guest rotation encapsulated in 1a⅐2a can be measured (Figs. S6 and S7 ), and increased with the elongation of the alkoxy chains of the substituent-Y: 3c
29.0). This result shows that the elongation of the alkoxy chains of the substituent-Y at the 2,5-positions of 3 puts the brakes on guest rotation within 1a⅐2a. Thus, 3g is the most sterically hindered guest among the rotatable guests within 1a⅐2a. Item 4. A negative value of ⌬S ‡ indicates that the transition state for guest rotation is more ordered (i.e., less flexible) than the ground state. In contrast, a positive ⌬S ‡ means the opposite. The ⌬S ‡ of guest rotation within 1a⅐2a increased in the order 3e (Ϫ10.4 cal mol Ϫ1 K Ϫ1 ) Ͻ 3c (Ϫ8.5) Ϸ 3d (Ϫ8.4) Ͻ 3f (Ϫ7.7) Ͻ Ͻ 3g (ϩ38.9). Although at this stage it is not easy to elucidate the reason for the unusual large positive ⌬S ‡ of 3g, one conceivable hypothesis could be as follows. The pyridyl and phenol groups of guest@(1a⅐2a) must flip or rotate without breaking the hydrogen bonds when the alkoxy chains of the substituent-Y upon guest rotation go across the pyridyl and phenol groups. Therefore, among 3c-3g, the rotation of the most sterically hindered 3g within 1a⅐2a would induce the largest flipping or rotation of the pyridyl and phenol groups, leading to an exceptionally large positive ⌬S ‡ . The free energy of activation (⌬G ‡ ) at 298 K for the guest-rotational steric (Figs. S6 and S7) . nd is not determined due to too rapid rotation on the NMR time scale even at 218 K. nr is not determined due to no rotation on the NMR time scale even at 323 K. Table 3 . Exchange rate constants for guest rotation within 1a⅐2a (k), and pseudo-first-order exchange rate constants for release (k؊1) and encapsulation (k1) of guest from and into 1a⅐2a, respectively, in CDCl3 k was determined by the line-shape analysis (Fig. S6 ). k1 and kϪ1 were determined by 2D EXSY experiments (SI Text and Fig. S8 ). Table 2 ). ⌬GϪ1 ‡ (298 K) ϭ ϪRTln(hkϪ1/kBT). barriers within 1a⅐2a, calculated from the ⌬H ‡ and ⌬S ‡ values, increases in the order 3c (11.3 kcal mol Ϫ1 ) Ͻ 3d (13.2) Ͻ 3e (14.5) Ͻ 3f (15.3) Ͻ 3g (17.4) as a result of enthalpy-entropy compensation.
In the 1 H NMR spectra of 3d@(1a⅐2a) at 223 K and 3i@(1a⅐2a) at 298 K in CDCl 3 ( Fig. 3 E and F) , the p-pyridyl ␣-proton of the 1a unit was observed as 2 sets of signals at Ϸ8.6 ppm, wherein one is the p-pyridyl ␣-proton adjacent to the substituent-Y of guest, and the other is the ␣-proton at the opposite side to the substituent-Y (Fig. S3) , as shown in Fig. 4 . If the rotation of the p-pyridyl group of the 1a unit is slow on the NMR time scale or comes to a stop, the 2 sets of p-pyridyl ␣-protons, furthermore, could split into the respective 2 sets of signals for inward and outward ␣-protons with respect to the cavity of 1a⅐2a, namely, 4 sets of p-pyridyl ␣-protons in total. This is not the case. Fig. 3 E and F suggests that the p-pyridyl groups of the 1a unit flip or rotate rapidly in 1a⅐2a on the NMR time scale even at 218 K (Figs. S1 and S2 ). In contrast, the flipping or rotation of the p-phenol groups of the 2a unit becomes slow at lower temperature on the NMR time scale. In the 1 H NMR spectra of 4a@(1a⅐2a) and 4b@(1a⅐2a) at 218 K in CDCl 3 (Figs. S2 and S5) , the respective 2 sets of signals for inward and outward ␣-protons and ␤-protons of the p-phenol groups were observed, despite rapid rotation of 4a and 4b within 1a⅐2a on the NMR time scale. (1b⅐2b) showed that the acetoxy groups at the 1,4-positions of 3c are oriented toward the 2 aromatic cavity ends of 1b⅐2b and that 3c can rotate along the long axis of 1b⅐2b. Thus, the 1⅐2 (stator) with the encapsulation guest (rotator) behaves as a supramolecular gyroscope. This guest orientation was maintained in all guests encapsulated in 1a⅐2a, as confirmed by the 1 H NMR study. The association constants (K a ) of 1a⅐2a with guests were Ͼ2.5 ϫ 10 4 M Ϫ1 in CDCl 3 at 296 K. In particular, 3a, 3c, 4a, and 4b showed very large values of K a (Ͼ 2.0 ϫ 10 5 M Ϫ1 ).
Conclusions
The VT 1 H NMR study in CDCl 3 showed that 3a, 3b, 4a, and 4b within 1a⅐2a rotate rapidly even at 218 K, whereas guest rotation is almost inhibited or too slow on the NMR time scale for 3h and 3i even at 323 K. In this respect, 4b with large dipole moment is a good candidate for the rotator of 1a⅐2a (3) (4) (5) . For 3c-3g, the enthalpic (⌬H ‡ ) and entropic (⌬S ‡ ) contributions to the free energy of activation (⌬G ‡ ) for the guest-rotational steric barriers within 1a⅐2a were obtained, wherein the most sterically hindered 3g showed the largest ⌬H ‡ ϭ 29.0 kcal mol Ϫ1 and exceptionally large positive ⌬S ‡ ϭ 38.9 cal mol Ϫ1 K Ϫ1 . The value of ⌬G ‡ at 298 K increased in the order 3c (11.3 kcal mol Ϫ1 ) Ͻ 3d (13.2) Ͻ 3e (14.5) Ͻ 3f (15.3) Ͻ 3g (17.4) , as a result of enthalpy-entropy compensation. Thus, the elongation of the alkoxy chains at the 2,5-positions of 3 puts the brakes on guest rotation within 1a⅐2a.
Areas for further investigation are (i) the preparation of a self-assembled monolayer of 4b@(1⅐2) with unidirectional orientation on a gold surface using 2 with side chains R ϭ alkylthioether (18) and 1 with R ϭ chiral alkyl group (26) and (ii) the study of its guest rotation behavior in alternating applied electric fields directed toward formation of a supramolecular gyroscope (1, 4, 5) .
Materials and Methods
Chemical Synthesis. Cavitands 1 and 2 were synthesized according to the literature (17, 19) . For synthetic procedures and spectral data of guests 3 and 4, see SI Text.
NMR Measurements. The CDCl 3 used in the NMR experiments was stored over anhydrous K 2CO3 before use. Cavitands 1a (61.88 mg) and 2a (64.88 mg) were placed in a 5-mL volumetric flask, to which was added CDCl 3. The resulting slightly heterogeneous mixture was sonicated at room temperature for a few minutes to give a clear solution of heterocapsule 1a⅐2a (10 mM), which was used as a stock solution of 1a⅐2a for NMR study. For 4-site model for guest rotation within 1⅐2, line-shape analysis of VT 1 H NMR spectra of guest@(1a⅐2a), 2D NOESY spectra, and 2D EXSY experiments, see SI Text and Figs. S1-S8. Table S1 .
X-Ray Crystallographic Analysis of 3c@(1b⅐2b). See SI Text and

